Three experiments were conducted to examine cross-language priming in bilinguals. The first was a cross-language primed lexical decision task experiment with Chinese-English bilinguals. Subjects made lexical decisions about primary associate targets in the two languages at the same rate, but priming occurred only when the prime was in their first language (Ll), Chinese, and the target was in their second language (L2), English. Experiment 2 produced the same pattern of asymmetrical priming with two alphabetic languages, French and Dutch. In Experiment 3, the crucial stimuli were translation equivalents. In contrast to the results of Experiments 1 and 2, priming occurred across languages in both the LI-L2 and L2-Ll conditions. However, this priming was also asymmetrical, with more priming occurring in the LI-L2 condition. A tentative separate-interconnected model of bilingual memory is described. It suggests that the representations of words expressed in different languages are stored in separate memory systems, which may be interconnected via one-to-one links between some translation-equivalent representations as well as meaning-integration processes.
Bilinguals are able to communicate in either of two languages without experiencing constant intrusions from the inactive language. Yet when a bilingual learns something via one language, there appears to be access to that knowledge via the other language. How can the language systems be kept separate in practice and still share the same information? Are the languages represented as separate, independent modules in memory? Or, are all languages represented in a shared, interdependent semantic module? These questions have important implications for an understanding of bilingual behavior and for more general models of memory and representation.
In 1963, Kolers formalized the question and integrated it into psychological issues of representation by proposing a shared-separate dichotomy. He suggested that the representations of words expressed in different languages either are stored in discrete independent memory systems or take totally abstract forms, such as propositions, and are shared by words in the two languages. 1975). To discourage strategies, we used a brief SOA of 250 msec in one condition. We also included a 2,000-msec condition to index the priming found with the low proportions of related pairs and longer SOAs.
Neutral primes have been used to determine whether priming effects are primarily automatic or controlled (Balota, 1983; Neely, 1977) . If facilitation occurs (i.e., if responses to related targets are faster than responses to neutrally primed targets), this presumably indicates that some of the overall priming is due to automatic processes. However, if inhibition occurs (if responses to unrelated targets are slower than responses to neutrally primed targets), then the overall priming effect is assumed to be due to controlled, conscious processing and, perhaps, to strategy use. We included neutral primes in our design to measure the contribution of automatic and controlled processing to the priming effect.
To determine if subjects were processing the primes in both language-order conditions, on a few trials we included a task in which the subjects were required to repeat the name of the prime after responding to the target.
In the overall design of the experiment, SOA (250 and 2,<XX> msec) was a between-subjects factor; the two withinsubjects factors were relatedness (related, unrelated, and neutral) and language order of the pair (Chinese primeEnglish target and English prime-Chinese target).
EXPERIMENT 1 Method
Subjects. Forty native Chinese-speaking, Chinese-English bilingual subjects participated in the experiment. They were all staff members at Hong Kong University, andall had studied English since primary school. The subjects were screened by using standardized tests in English (Sack & Yourman, 1975 ) and comparable tests designed and standardized in Chinese by the experimenters (Keatley, 1987) . The tests were made up of three passages of informational text which the subjects read silently. Each passage was followed by 10 comprehension questions. Average word-per-minute reading speeds were calculated for each subject as were average comprehension scores. The subjects who participated in the experiment had normal to excellent reading comprehension (70% or higher average scores on the comprehension tests) and read in both English and Chinese as fast as or faster thanaverage native speaker-readers with university educations.
Stimuli. Fifty-four cross-language prime-target pairs were developed (Keatley, 1987) . The primes and targets within each pair were primary associates in both English and Chinese and translations of each other. The Chinese stimuli were single character pairs in which both primes and targets could stand alone as single lexical units-unbound morphemes-and in which the prime and the target had no, or minimal, visual redundancy. The English words were 3-8 letters in length, with a mean of 4.2 letters. The Chinese characters varied in complexity from 2 to 16 strokes. The mean associative strength of the Chinese within-language pairs was 42.2; of the English pairs, it was 36.0.
Within each list, the experimental pairs were used to form pairs in the related, unrelated, and neutral conditions. Neutral pairs were formed by using xxxx as the neutral primes. Nine filler pairs were constructed in each language-order condition, as were 32 false-target pairs. The filler pairs were always unrelated, but one quarter of the false-target pairs were presented as related (the word on which the false target was based was related to the prime).
Chinese false targets were developed by changing one character component of a real character to another component, or by adding, omitting, or reorienting a single stroke. English false targets were formed by changing one letter in each word so that the resulting nonwords were pronounceable and orthographically regular.
The stimuli were presented on slides. The characters were written in their full form (not abbreviated) by hand and photographed. The stimuli are listed in Appendix A.
List construction. The stimuli in the two language-order conditions were blocked. Twenty lists were constructed, with relatedness and language order counterbalanced across the lists. One subject in each SOA condition saw each of the lists. Each target concept was seen only once by each subject.
Apparatus. A three-field tachistoscope was constructed by back projecting three Kodak Ectographic Model B-2AR slide projectors so that the images overlapped. Each projector had a Gerbrands Gll66 shutter controlled by an Apple Il computer.
Procedure. Each subject performed the primed LDT in an individual session of about I h. The subjects were given instructions in a combination of English and Chinese. Twenty-four practice trials occurred before each half of the experiment. The procedure on each trial was as follows: (I) The experimenter said "One, two, three ... " in the language of the target. (2) The fixation mark, an asterisk, appeared in the center of the screen for 450 rnsec. (3) It was replaced by the prime stimulus, which was visible for 200 msec (the 25G-msec SOA condition) or 1,950 msec (the 2,OOO-msec SOA condition). (4) The prime was followed by a 50-rnsec blank field. (5) The target appeared on the screen, and at the same time the chronometer was activated. (6) The subject responded by pushing one of the buttons, which stopped the chronometer. (7) The experimenter read the reaction time to the subject and gave feedback on the correctness of the response.
Six times within each half of the experiment the subject was asked to repeat the prime after the reaction time had been reported. There was a 5-min mandatory rest between the two blocks of trials.
Results
Only responses to the 54 real-word targets from the experimental list were analyzed. Scores over 1,400 msec and scores associated with subject or mechanical errors were excluded from the analyses. The total scores excluded constituted 5.7 % of the total experimental trials. The errors were roughly evenly distributed across the experiment and across the various conditions. Analyses were carried out across subjects, but not across items because the data were not available. Because all the items served in the different conditions for all the subjects, however, it can be assumed that the error variance associated with the items was included in the interactions between subjects and the various conditions. All results reported as significant have an alpha level of at least .05.
The data appear in Table 1 . An analysis of variance (ANOVA) was carried out with SOA (250 msec, 2,000 msec) as a between-subjects factor, and relatedness (related, unrelated, neutral) and language order (Chinese prime-English target, English prime-Chinese target) as within-subjects factors. The results of the full ANOVA yielded no significant main effects and no interactions. However, because of the specificity of the hypotheses under test, planned comparisons were conducted to test whether overall priming, facilitation, or inhibition occurred in any particular conditions. Neutral-primed targets were responded to, in, on the average, 622 msec, which was slower than mean responses to related targets, 604 msec, and slower than responses to unrelated targets, 613 msec. Although these differences were not significant, this pattern was unexpected, since most studies report that neutral-primed targets are responded to faster than unrelated targets and slower than related targets (Neely, 1990) . The difference between the results of this experiment and others may have been related to the memory task, in which subjects were asked to recall the prime after responding to the target. Since the crucial question of the experiment was whether priming occurs under the different conditions, another ANOVA was carried out on related and unrelated target scores to test the significance of priming effects alone. There were no significant main effects. A significant interaction occurred between language order and relatedness [F(1,38) In all but two instances, subjects were able to recall the name of the prime when asked, after having made a lexical decision to the target.
Discussion
The most important result of the analysis was the finding that priming occurred only when primes were in Chinese and targets in English in the short SOA condition. The fact that significant inhibition accompanied the priming effect might be evidence for a controlled process. However, it is difficult to interpret the facilitation and inhibition data, because the neutral primes produced results that were unexpected. The data pattern suggests that the subjects may have been rehearsing the prime word, especially in the long SOA condition, in order to recall it after the trial. This may have led to a general activation that did not occur when the prime was not a word.
The fact that the priming occurred in the short SOA condition and not in the long SOA condition suggests that the effect did not require a long time to be effective and therefore was not due to the use of strategies (Neely, 1977; Posner & Snyder, 1975) . The priming that did occur in the experiment was asymmetrical; that is, it occurred in one language direction and not in the other. One explanation for this is that because the subjects' first language was Chinese, this language was processed faster than their second language, English. Target language, however, did not produce a significant effect either in the full analysis [F(2,76) = 0.10] or in the restricted analysis [F(1,38) = 0.11]. The subjects were able to identify targets in English and Chinese at the same rate: 615 msec for English and 611 msec for Chinese targets. Neutrally primed English targets were responded to with a mean latency of 624 msec; neutrally primed Chinese targets, with a mean latency of 621 msec.
Because the asymmetry in priming could not be attributed to an imbalance in language proficiency on the LDT task, the results of Experiment 1 present a dissociation between priming effects and reaction time on the LDT.
One explanation for the dissociation may be that whereas reaction times on the LDT reflect the fact that a representation is available to consciousness on the basis of its threshold and activation level (Posner, 1978) , crosslanguage priming reflects the strength of cross-language connections between separate language systems. While the threshholds and activation levels of the representations of the words in Chinese and English must have been about the same in Experiment 1, the cross-language effects from Ll to L2 were stronger than those from L2 to Ll.
Stronger cross-language effects from Ll to L2 may be attributable to richer and stronger representations in the L 1 memory system, to stronger connections between representations within the L1 memory system, and also to stronger connections from L1 representations across memory systems to representations in other memory systems. This idea is discussed further in the General Discussion.
Another possible explanation for the asymmetry found in Experiment 1 is that it resulted from the use of single Chinese characters. Chen andNg (1989)usedtwo-character Chinese lexical units and English words, and found significant cross-language priming in both language-order conditions.
To test whether the asymmetrical priming effect was specific to the language combination of Experiment 1, a second experiment was carried out with Dutch-French bilinguals.
EXPERIMENT 2
This experiment was conducted in Brussels, Belgium. It tested only the short SOA condition, because the questions under test were about automatic processes, not strategy. The short SOA was reduced from 250 msec in Experiment 1 to 200 msec in this experiment, and feedback was deleted. Both changes were made to further discourage strategic processing. Furthermore, because the subjects in Experiment I were able to recall L2 primes, the prime recall test was deleted. Within-as well as between-language conditions were included in Experiment 2, because they yield information about the bilinguals' memory organization and functioning.
Method
Subjects. The 32 subjects were native Dutch speakers who had studied French from age 7 years. They were screened as were the subjects in Experiment 1, with reading tests in French and Dutch which were translations of the English tests used in Experiment 1. Speed and comprehension norms for the French and Dutch tests were established by using native French-and Dutch-speaking university students.
Stimuli. Ninety-six cross-language primary associate pairs were developed as the stimuli of Experiment 1. The words were of middle to high frequency in French (Savard & Richards, 1970) and in Dutch (Uit den Boogaart, 1975) . The meanlength of the French targets was 5.27 letters; that of the Dutch targets, 5.051etters. The mean association strength of the French pairs was 40.13, and that of the Dutch pairs, 40.10.
Unrelated pairs were formed, as in Experiment 1. Ninety-six unrelated filler pairs were developed to provide the subjects with a context within which only a .25 proportion of the real-word target pairs, .125 of all prime-target pairs, were related.
One half of the stimuli were false-target pairs, constructed by replacing one letter in a real-target word in the appropriate language. False-target pairs were always presented as unrelated.
The stimuli are listed in Appendix B. List construction. Each subject saw 384 different prime-target pairs broken into four different language-order blocks of96 pairs. The order of the presentation of the blocks was determined by a balanced square. Relatedness of the targets (related, unrelated) was counterbalanced across subjects.
Procedure and Apparatus. Each subject was tested individually, using a Primavera computer with a CRT and a separate keyboard. Before each language-order block, the subjects were given 24 practice trials. They initiated groups of 24 trials themselves. On each trial, a central fixation stimulus, a small cross, appeared in the screen center for 300 msec, followed by a 5O-msec blank screen.
The prime word appeared in the same place and remained for 150 msec,followed by a blank screen for 50 msec. The target then appeared just under the space where the prime hadbeen. It remained on the screen until the subject responded. There was a 1,500-msec interstimulus interval between the subject's response and the onset of the next trial. A rest of at least 3 min occurred between the four language-order blocks.
Results
Responses to the 96 cross-language real-target pairs were included in the analysis. Scores were treated as in Experiment 1. Errors accounted for .07% of the responses. All results reported have a significance level of at least p < .05 by subjects and by items unless otherwise indicated.
The subjects' mean scores and errors are displayed in Table 2 . The mean scores were subjected to an ANOVA. Language of the target (French, Dutch), relatedness (related, unrelated), and language mix (same-language pair, different-language pair) were within-subjects factors.
Relatedness produced a significant overall main effect by subjects and by items [Fs(I, 31) 
Discussion
Overall, the results of Experiment 2 confirmed the results of Experiment 1. Asymmetry occurred in crosslanguage priming, given a relatively short SOA and small proportion of related pairs. Indeed, an analysis of the existing cross-language priming experiments suggests that asymmetry has been reported with regularity in the literature. Table 3 lists the cross-language primed LDT experiments that were reported above.
In all the experiments (except that of Grainger & Beauvillain, 1988) , more priming occurred when the prime was in the first (or dominant) language of the subjects (Ll) and the target in their second language (L2), than when the prime and target were in the reverse language order, L2-Ll (Altarriba, 1991; Chen & Ng, Experiment 1, 1989; lin, 1990; Kirsner et al., 1984; Meyer & Ruddy, 1974; Schwanenflugel & Rey, 1986) .
As shown in the other columns of Table 3 , the experiments vary so greatly in their designs that it is not possible to determine from this information the factors associated with asymmetry. It can be seen, however, that asymmetry appears to be a continuum, rather than an allor-none phenomenon.
In another series of experiments, we studied the effects of subject stress on cross-language priming. We found that cross-language priming disappeared, whereas withinlanguage priming persevered if subjects were required to respond at a fixed fast rate (Keatley & de Gelder, 1992) . We concluded that cross-language priming is caused by a postlexical access meaning-integration process that occurs automatically in normal reading, but that can be detached and removed from the normal reading sequence through conscious strategy by subjects whenever they find that the meaning integration interferes with response speed. De Groot and Nas (1991) came to a similar conclusion earlier when they found that if they masked the prime in an LDT experiment, within-language priming persisted with primary associates, but not cross-language priming (unless the targets were cognates or translation equivalents).
If the preceding hypothesis is correct, then more symmetrical cross-language priming may reflect the normal meaning-integration process, whereas asymmetry may reflect differences in the strengths of cross-language connections between language-specific memory systems that become more apparent when subjects attempt to discontinue the meaning-integration processing.
Several of the experiments cited above, however, have included translation-equivalent pairs in their stimulus lists as well as primary associates (Altarriba, 1992; Chen & Ng, 1989; lin, 1990) . Similar patterns of cross-language priming were found, as well as asymmetry with translations. Because the two kinds of stimuli were presented together, however, it is possible that the presence of primary associates influenced the subjects' perception of translation equivalents, or vice versa. We conducted Experiment 3 in the same sessions as we did Experiment 2, just after Experiment 2. The subjects were unaware that these were separate experiments because the procedures were similar, the difference being that the crucial pairs in Experiment 3 were translation equivalents. Because we found no significant priming in Experiment 1 in the L2-Ll condition with primary associates (and most other experiments resulted in some priming in this condition), Language Order EXPERIMENT 3 lation equivalents in both language-order conditions. Significantly more priming occurred in the Ll-L2 condition. This result suggests that the Ll-L2 links are stronger between translation equivalents than between primary associates. However, since translation-equivalent priming is also significantly greater in Ll-L2 than in L2 -Ll , this priming is also asymmetrical. Overall, the results support the hypothesis that the Ll representations have stronger, richer connections within and across specific memory systems and thus produce a stronger priming context than do the L2 representations.
GENERAL DISCUSSION
Three experiments were conducted to test the organization of bilingual memory. The first produced a dissociation between priming effects and LDT reaction time when bilingual subjects, who responded at the same rate on the LDT to stimuli in Chinese and English, produced significant priming in the Chinese-English (Ll-L2) condition but not in the English-Chinese (L2-Ll) condition. The second experiment demonstrated that this asymmetry could also occur with two alphabetic languages. It was proposed that asymmetry in priming might be due to a stronger context effect provided by the Ll representations. The third experiment demonstrated that priming of translation equivalents occurs in the L2-Lllanguageorder condition as well as in Ll-L2, suggesting direct connections between these representations. Furthermore, asymmetry also occurred in priming with translationequivalent words, indicating that the Ll primes provide a stronger context than do the L2 primes.
Although asymmetry in priming has occurred in a number of experiments (see Table 3 ), Experiment 1 of this series is the only experiment that hasproduced equal lexical decision times for stimuli in the two language-order conditions and also asymmetrical priming, thus affirming that the asymmetry cannot be attributed solely to differences in access or decision times across the languages on the LDT. The classic hierarchical model cannot account for this asymmetry, because it assumes that the semantic representations of translation-equivalent words are one and the same and that they therefore must produce identical patterns of semantic priming as long as lexical access time remains equivalent.
This dissociation between LDT reaction time and priming argues for a separate-store model of bilingual memory. However, it is clear that a completely separate store could not account for the fact that, in some conditions such as translation-equivalent stimuli, there are close, strong links across representations of words expressed in different languages.
We propose a tentative, separate but interconnected model of bilingual memory which borrows some assumptions from Paivio's dual-coding model (Paivio, 1986; Paivio, Clark, & Lambert, 1988; Paivio & Desrochers, 1980 Stimuli. Forty-eight cross-language translation-equivalent pairs were developed which could be presented either with the French translation as the prime (CHEV AL-PAARD) or the Dutch translation as the prime (PAARD-CHEVAL). The words were 3-8 letters long and of medium frequency (Savard and Richards, 1970; Uit den 800-gaart, 1975) . Half the words named concrete objects and half named abstract concepts. Unrelated pairs, filler pairs, and false-target pairs were created by using the same methods as in Experiment 2. There were 24 practice pairs before each of the two language-order blocks. The stimuli are listed in Appendix C.
List construction and counterbalancing procedures were the same as in Experiment 2. There were two language-order blocks, each including 12 experimental related pairs and 12 experimental unrelated pairs, 24 unrelated filler pairs, and 48 false-target pairs.
Discussion
In contrast to what was found in Experiment 2, significant cross-language priming effects appeared across trans-
Results
As in Experiment 2, scores over 1,400 msec or associated with errors were excluded from the analyses. This included .06 of the data. All results reported as significant have an alpha level of at least .05. Mean scores and error rates are displayed in Table 4 .
An ANOVA was carried out on the data to test the two levels of relatedness (translation, unrelated) and target language (French, Dutch). Relatedness produced a signifi- of words contain, in one entity, all information about the words, lexical and conceptual. These representations reflect the perceptual-sensory system and the specific symbol system of their encoding. The meaning of a representation within a language-specific memory store is determined by its position in a network of interrelated representations, such as that described in semantic network models (Collins & Loftus, 1975) . Representations of words may also have direct connections to representations in other symbol-system-specific modules, perhaps as a result of pairing the two stimuli. For instance, translationequivalentsmay have directconnectionsdue to experiences in which the two stimuli are paired and identified as equivalents. One-to-one connections across languagespecific systems do not extend beyond the connected representations; although priming effects occur across connections between translation equivalents, they do not extend to associates of translation equivalents in cross-language associate priming.
Within-language connections and cross-language connections are different: the former are part of a tightly interrelated network, the latter are more one to one. The former are more likely to be active in representing the meaning of a word, because they are part of the network when the subject processes words in that language.
This model suggests that within-language associative priming is the result of transfer occurring across related representations stored together in a network of interrelated representations. Cross-language translation-equivalent priming is attributed to one-to-oneconnections between the representations across memory systems. Cross-language associative priming is attributed to meaning-integration processes which are a normal, but not integral, part of the reading process, and which can be dissociated from the reading process (de Groot & Nas, 1991; Keatley & de Gelder, 1992) . Asymmetry in cross-language associate and translation-equivalent priming is due to the stronger connections from the L1 language memory system, which, in the case of cross-language associate priming, may be exploited by the meaning-integration process.
Presumably, even in very balanced bilinguals, Ll representations may be richer and stronger than those of L2 because they are based on multiple encodings of the word in various Ll verbal contexts and on many encodings of the word in various cross-model contexts, such as the naming of an object. L2 acquisition may produce representations that are less highly connected both within and across memory systems, but which still refer to the same external objects.
A general model of transfer of information across specific memory systems has been developed in the motor skill literature and has been adapted to explain transfer of skill in verbal tasks by the transfer-appropriate models of memory (Durgunoglu & Roediger, 1987; Kolers & Roediger, 1984) . In general, the model holds that while representation is symbol-system specific, information can be transferred across specific memory systems. Transfer, however, does not produce exact replicas of representations in the two systems. The transferred information is incomplete; it is modified by the structure of the specific symbol system and by its place in a new network of relations between representations.
This model can be applied to L2 representation. During L2 acquisition, the information about the meaning of a new word may be acquired and stored, at least partially, by copying or transferring the information from the L 1 language system to the new L21anguage system. Whereas the Ll representation would include multiple Ll-specific encodings of experiences of the word, including rich connections both internally and across memory systems, the L2 representation would initially include only a portion of this information, modified by the different (and less elaborate) linguistic network of the L2 store and, in time, by the different experiences of the student in L2 contexts. Overall Ll representations would have generally richer, stronger connections across memory systems than would L2 representations, even in proficient bilinguals. Kroll and Stewart (1990) have developed a revised hierarchic model that also accounts for asymmetry in crosslanguage associative priming. This model assumes that two routes exist for transfer in priming. Transfer from Ll to L2 is held to be primarily conceptual, with the transfer passing through a shared conceptual store that is the locus of the associative priming effect; transfer from L2 to Ll is primarily lexical and hence produces less priming. Ll lexical representations are closer to the shared conceptual store.
Both our model and the revised hierarchic model predict that Ll representations will have stronger conceptual effects than will L2 representations. In our model, this is because the Ll representations are stronger overall and more richly connected within the Ll memory system and across different specific memory systems. In the revised hierarchic model, Ll representations have stronger links to the shared conceptual store. The main difference in the predictions of the two models of asymmetry is that our separate model attributes asymmetry to the overall different strengths of the connections from the Ll and L2 language systems, whereas the hierarchic model attributes it to different kinds of connections, conceptual or lexical, when the language order is Ll-L2 or L2-Ll.
Kroll and her colleagues have demonstrated that bilinguals read faster in Ll , but translate faster from L2 to Ll than from Ll to L2 (Kroll & Curley, 1988; Kroll & Stewart, 1990) , and these results have been confirmed by other studies (Sanchez-Casas, Davis, & Garcia-Albea, 1992) . Kroll and her colleagues have attributed this to the different pathways: they suggest that L2-Ll translation is shorter because the lexical pathway involves only two lexical stores and not the third, conceptual store, which is activated in the Ll-L2 condition. However, we interpret the data as demonstrating once again that the Ll representations are more accessible and have stronger connections in the general memory system. They produce more priming and are accessed faster overall than the L2 representations.
In a translation-production experiment (Keatley & de Gelder, 1992) , we found that subjects' errors tend to be semantic (the subject says "river" when the correct translation is "lake") in both the Ll-L2 and L2-Ll conditions. If L2-Ll translation production depended primarily on a lexical route, we would expect subjects to make lexical errors (the subject says "like" when the correct translation is "lake"). This did not occur. We concluded that the differences of translation speed in the L1-L2 and L2-Ll conditions are differences of overall accessibility of Ll and L2 representations, not differences in the pathways from stimulus to translation in the two languageorder conditions.
There is evidence of interference from semantically categorized lists with more proficient bilinguals in the L1-L2 condition on a translation-production task, but not of interference in the L2-Ll condition (Kroll & Stewart, 1990) . This supports the idea that there is a conceptual pathway in the Ll-L2 condition that does not occur in the L2-Ll condition. It is possible, however, that this phenomenon may occur because of the overall stronger connections within a separate L1 memory system-an interpretation more compatiblewith a separate-model approach.
Asymmetry in cross-language priming is a phenomenon that needs to be explained by models of the crosslanguage-primed LOT. We have outlined a tentative separate-interconnected model that accountsfor this asymmetry. The revised hierarchical model also accounts for asymmetry, but on the basis of a shared-store model. Although the research in this paper generally lends more support to the separate-store model, more research is needed to provide a clear account of cross-languagepriming asymmetry. 60.
